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The Al/Ni formation reaction is highly exothermic and of both scientific and techno-
logical significance. In this report, we study the evolution of intermetallic phases
in this reaction at a heating rate of 830 K/s. 100-nm-thick Al/Ni bilayers were
deposited onto nanocalorimeter sensors that enable the measurement of temperature
and heat flow during rapid heating. Time-resolved transmission electron diffraction
patterns captured simultaneously with thermal measurements allow us to identify
the intermetallic phases present and reconstruct the phase transformation sequence
as a function of time and temperature. The results show a mostly unaltered phase
transformation sequence compared to lower heating rates. C 2014 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4900818]
Thin film and interfacial reactions have been studied extensively for many years. These reactions
are of broad interest both in industry (e.g., for microelectronics,1,2 microelectromechanical systems,3,4
and coatings5) and in science, where reduced diffusion distances and increased surface area provide
an opportunity to study phase formation in a unique environment.6–9 One of the best characterized thin
film reactions is between Al and Ni.10–20 Al and Ni have a large, negative heat of mixing, making the
reaction highly exothermic. Multilayer foils consisting of nanoscale layers of Al and Ni can release
this energy very quickly. When a multilayer foil is ignited at one end in a free-standing configura-
tion, the heat released locally is sufficient to ignite the adjacent material and produce a high-velocity
reaction front in what is known as a “self-propagating” reaction.11 Heating rates when reacting in this
mode exceed 106 K/s. Because of their ability to deliver rapid, local heating, Al/Ni multilayer foils
have been exploited as heat sources for rapid room-temperature soldering.12,13
In order to better understand the reaction in Al/Ni multilayers, many studies have identified the
sequence of phases that form as the multilayers are heated.14–17 Historically, these studies have been
accomplished using differential scanning calorimetry. These instruments heat a sample at a controlled
rate that is typically less than 1 K/s and measure the heat evolved as a function of temperature. The
phase(s) present at different points during the heating cycle are determined by quenching and analyz-
ing the sample with x-ray diffraction. More recently, there has been interest in studying the phase
transformations during self-propagation of these reactions, where heating rates are approximately
one-million times higher. Since quenching is difficult for reactions progressing at these rates, in situ
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characterization methods are preferred in this regime. To-date such studies have been accomplished
using two techniques: synchrotron x-ray microdiffraction18,19 and time-resolved transmission electron
microscopy (TEM).20
For multilayers with a 1:1 Al:Ni atomic ratio, slow heating experiments typically have identi-
fied two phase transformation sequences depending on the deposition method. For evaporated Al/Ni
multilayers,14,21 the phase transformation sequence under slow heating is
Al + Ni → Al3Ni + Ni → Al3Ni2 + Ni → AlNi. (1)
For Al/Ni multilayers that are deposited by sputtering or ion-beam deposition, the sequence is
altered slightly15,17
Al + Ni → Al9Ni2 + Ni → Al3Ni + Ni → Al3Ni2 + Ni → AlNi. (2)
The distinction between these two sequences is in the first phase to form and is attributed to
subtle differences in the initial microstructure of the as-deposited Al/Ni interfaces. These interfaces
tend to be more intermixed in sputtered and ion-beam deposited samples, which in turn can impact
the nucleation of the Al9Ni2 and Al3Ni phases which have similar free energies of formation.17
When sputter-deposited Al/Ni multilayers are reacted in the rapid, self-propagating mode (heat-
ing rates exceeding 106 K/s) and characterized using synchrotron x-ray diffraction18,19 or time-
resolved TEM,20 the observed phase transformation sequence becomes
Al + Ni → Al-rich liquid + Ni → AlNi. (3)
Note that while at low heating rates we observe a sequence of solid intermetallic phases, at high
heating rates all of the intermetallic phases are skipped and instead mixing occurs in a molten Al-rich
phase. The shift in phase sequence with heating rate is attributed to a reduction in the amount of
atomic intermixing that occurs prior to reaching temperatures where the intermediate intermetallic
phases are no longer stable.18 To-date this characterization has only been performed on sputtered
Al/Ni multilayers, but evaporated multilayers are likely to exhibit the same sequence given that the
vast majority of mixing occurs through Ni dissolving into molten Al.
To study this phenomenon over a broad range of heating rates, this work seeks to demonstrate
that one can characterize the AlNi formation reaction at heating rates in the 103 K/s–105 K/s range,
intermediate between the heating rates in differential scanning calorimetry (DSC) studies and in
self-propagating reactions. Given that these heating rates are orders of magnitude larger than what
is possible using a standard DSC, we employ a calorimetric technique that is capable of more rapid
heating: nanocalorimetry. A nanocalorimeter is a microelectromechanical device whose miniscule
heat capacity enables it to achieve very high heating rates.22 However, as in self-propagating reactions,
analyzing the phases formed at these heating rates is difficult using quenching and ex situ observations.
Thus, an in situ approach is preferred so that phases can be detected as they appear. In this work,
we utilize a newly developed in situ nanocalorimetry system23 that makes use of the dynamic trans-
mission electron microscope24 (DTEM) to perform structural characterization during the calorimetry
experiment. The DTEM is a time-resolved TEM designed, built, and housed at Lawrence Livermore
National Laboratory.
The in situ nanocalorimetry system is depicted schematically in Fig. 1 and consists of the DTEM
itself, TEM-compatible nanocalorimeter sensors, an in situ nanocalorimetry TEM holder, and a data
acquisition system. The DTEM utilizes an ultraviolet-laser-driven photocathode to produce extremely
short, high-intensity electron pulses.24 The laser intensity and duration can be manipulated to create
electron pulses from 30 ns to 500 ns in length. Nanocalorimeters consist of a platinum strip for
heating and temperature measurement suspended on a silicon nitride membrane to minimize heat
losses and thermal mass.22 The temperature-resistance relationship for each sensor is calibrated opti-
cally25 prior to first use, and for TEM investigation, the sensor design was modified to include three
100 µm × 100 µm electron-transparent windows in the platinum strip.23 After a sample is deposited
on the sensor it is placed into a custom-built in situ nanocalorimetry holder which is compatible
with the DTEM goniometer. This holder provides electrical connections between the Pt sensor and a
data acquisition system that is synchronized with the DTEM via a custom-built LabVIEW interface.
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FIG. 1. Schematic of the experimental system for in situ nanocalorimetry showing a nanocalorimeter sensor, the in situ
nanocalorimetry holder, the dynamic TEM, and the data acquisition system. Also shown is the sample geometry studied in
this work, a 100 nm thick Ni/Al bilayer.
Full details on the design and operation of the in situ nanocalorimetry system have been reported
elsewhere.23
The samples tested in this study consisted of 40 nm of Ni (target purity 99.995%) sandwiched
between two 30 nm layers of Al (target purity 99.999%) for a total bilayer thickness of 100 nm
and an overall composition of 50 at. % of Al. This sandwich structure is the smallest symmetric
repeat unit of a multilayer with a 100 nm bilayer spacing and matches the structure used in previous
nanocalorimetry investigations of the Al/Ni reaction.26 10 nm of Al2O3 was deposited on both sides
of the Al/Ni/Al stack to serve as a passivation layer and diffusion barrier. This sample geometry is
illustrated in the upper-left of Fig. 1. The sample stack was deposited through a shadow-mask directly
onto the underside of the nanocalorimeter sensor by e-beam evaporation. Layer thickness during
deposition was measured by a quartz crystal thickness monitor. For the experiments reported here, the
DTEM was configured for single-shot mode with an electron-pulse-duration of 500 ns. Selected-area
electron diffraction patterns were collected with a ≈0.55 µm2 selected-area aperture positioned in the
central electron window of the nanocalorimeter heater strip. Since the Al/Ni formation reaction is
irreversible, four nanocalorimeters containing identical samples were reacted and imaged at different
times to construct a full picture of the phase formation sequence. The average heating rate during the
experiments was 830 K/s.
Characteristic results from the nanocalorimetry system during the heating segment of one exper-
iment are presented in Fig. 2. The plot of temperature vs. time in Fig. 2(a) depicts the measurable
difference in the temperature evolution of the sample during the first heating (when a reaction is
occurring) as compared to the second heating (when the reactants have already been consumed). This
difference can be extracted and quantified to give the reaction power, the rate of heat release that is due
to a reaction in the sample and not external heating, shown in Fig. 2(b). Note the presence of two large
exothermic peaks with one small exothermic peak in between them. These peaks are highlighted by
fitting each with a Voigt distribution in Fig. 2(b). An alternative way to display nanocalorimetry results
is to plot dH/dT vs. temperature, shown in Fig. 2(c). This curve is the temperature-domain equivalent
of Fig. 2(b) and can be helpful in understanding how reaction rates change with temperature. The
quantity dH/dT is computed by dividing the total reaction power by the heating rate, and the fit peaks
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FIG. 2. Typical nanocalorimetry data for a 100 nm Al/Ni bilayer heated at an average rate of 830 K/s: (a) temperature vs. time
for two consecutive scans showing the temperature excursion when a reaction occurs, (b) reaction power vs. time showing
heat evolution in three distinct exothermic peaks fitted with Voigt distributions, and (c) dH/dT vs. temperature showing the
shape of the three exothermic peaks in the temperature domain. The dashed lines indicate the points at which the diffraction
patterns in Fig. 3 were taken. The FWHM for the three fitted peaks in (b) is 33 ms, 95 ms, and 86 ms, respectively.
and cumulative fit shown in Fig. 2(c) were calculated by dividing the peak fits in Fig. 2(b) by the
heating rate as well.
Electron diffraction patterns were captured using the DTEM at the times indicated in Fig. 2 in
order to identify the phase transformations occurring in each of the three exotherms. In addition to
the four electron diffraction patterns captured during the heating experiment (B–E), patterns were
also taken at room temperature before (A) and after (F) to identify the initial and final phases. Fig. 3
presents these results as a sequence of 1D diffraction patterns, obtained by rotational averaging of
the original 2D patterns followed by background subtraction. All observable peaks are labeled with
the most likely phase or phases. We also label the temperature of the sample when the pattern was
captured and the amount of heat that had been released up to that point (as a percentage of the total
theoretical heat of formation for AlNi). The sequence is described below.
Pattern A presents the initial state of the sample prior to heating. All of the measured diffraction
peaks can be attributed to either fcc Al or fcc Ni. Pattern B is the first pattern captured during the
heating experiment. It represents a 280 K temperature increase over pattern A but still represents a
pre-reaction microstructure (3% reaction completion). As such, it shows essentially no changes from
pattern A other than slight peak broadening and a slight shift to smaller 1/d due to thermal expansion.
Pattern C was captured more than half-way through the first exotherm as shown in Fig. 2(b). Here we
see the first clear evidence of a reaction, as the fcc Al peaks have disappeared and have been replaced
by peaks from Al3Ni (oP16 structure27). Al3Ni has an exceptionally large number of diffraction peaks
(over 450 in the range shown) that are too weak to detect individually in these experiments. However,
in certain regions, these peaks overlap to give measurable intensities distinct from those of fcc Ni.
These regions are labeled in Fig. 3 and include a broad peak around 2.72 nm−1 (formed by the (011),
(101), (020), (111), and (200) reflections) and a shoulder around 4.07 nm−1 (formed by the (211),
(220), and (002) reflections). Note that in this pattern, and in the two that follow, the prominent peak
around 4.9 nm−1 cannot be used for phase identification because all of the candidate phases have
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FIG. 3. Time-resolved electron diffraction patterns captured before, during, and after the reaction of a 100 nm Al/Ni bilayer.
The pattern labels correspond to the times in Fig. 2. Also labeled for each pattern is the percentage of heat released (as a
fraction of the theoretical enthalpy of formation) and the temperature when the pattern was captured. The prominent peak
around 4.9 nm−1 is unlabeled for patterns C–E because all of the intermetallic phases have one or more peaks in this region,
and the peak is too broad to distinguish between them.
large peaks in this region. Pattern D represents the state of the sample near the end of the second,
small exotherm. Diffraction peaks from Ni and Al3Ni are still visible but this pattern shows the first
clear evidence for the Al3Ni2 phase (hP5 structure27) in the form of the (001) peak at 2.04 nm−1 and
the (202)/(022) peak at 7.03 nm−1. There is some evidence for the (100) peak at 2.86 nm−1 and the
(212)/(122) peak at 8.60 nm−1 but the former is obscured by the nearby Al3Ni peaks while the latter
combines with the shrinking (220) and (311) Ni peaks to form a relatively featureless signal around
8.9 nm−1. In pattern E, acquired in the middle of the final exotherm, the signal from fcc Ni has almost
disappeared except for the shoulder at 5.64 nm−1 due to the (200) peak. This makes it easier to see clear
peaks due to the Al3Ni2 phase. Peaks from AlNi (cP2 structure27) may also be contributing, but it is
very difficult to distinguish between AlNi and Al3Ni2 when the peaks are broad unless the AlNi (111)
and (210) superlattice peaks at 6.00 nm−1 and 7.75 nm−1 are visible. This difficulty persists in pattern
F, which shows the final room temperature state of the sample after the heating experiment. There is
some evidence for the AlNi superlattice peaks but the persistence of Al3Ni2 peaks at 2.04 nm−1 and
2.86 nm−1 suggests that the primary phase is still Al3Ni2.
The reaction power in Fig. 2(b) shows three distinct exotherms. Fitting the exothermic peaks and
taking the integral of the cumulative fit curve yields the total heat evolved. Averaged over the four
samples reported the total heat is 1.25 mJ with a standard deviation of 0.042 mJ. The sample mass can
be estimated using the intended layer thicknesses, the estimated sample area (3.7 mm × 0.5 mm), and
the bulk densities for Al and Ni. We estimate the mass in this way to be 960 ng yielding a normalized
average heat of formation of 1302 J g−1 ± 44 J g−1. This is 5.7% ∓ 3.2% lower than the theoretical
value for AlNi,28 1381 J g−1. Since Al3Ni2 peaks are still visible in the final diffraction pattern, an
incomplete reaction is likely responsible for at least part of this discrepancy. Uncertainty in the estima-
tion of the sample mass may also be a contributing factor. Comparing the positions of the exothermic
peaks in Fig. 2 to the electron diffraction patterns in Fig. 3, we conclude that the first exotherm in the
nanocalorimetry data corresponds to the formation of Al3Ni, the second to an initial stage of Al3Ni2
formation, and the third to a second stage of Al3Ni2 growth and transformation to AlNi. Thus, the
overall phase sequence observed in these experiments is the same as that presented in Eq. (1) for
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evaporated Al/Ni layers under slow heating. However, it appears that in these experiments Al3Ni2
grows in a two-stage mode, something that has not been reported previously for this phase.
Two facts support the conclusion that Al3Ni2 formation occurs across both the second and third
exotherms: (1) rather than disappearing, the Al3Ni2 diffraction peaks grow stronger between patterns
D and E which span the third exotherm, and (2) the area of the second exothermic peak is too small
for complete formation of Al3Ni2 to have occurred. Specifically, in these experiments the second
exotherm contributes 10% of the theoretical heat of formation, while literature values for Al3Ni2
indicate that the formation of this phase should account for about 38% of the total heat.29 Based on
this argument, Al3Ni2 must continue to grow during the third exotherm. The best explanation for a
phase forming in multiple exotherms comes from the model proposed by Coffey et al., where the first
exothermic peak corresponds to the formation of an interfacial layer of the new phase and the second
exothermic peak indicates 1D growth of this layer through the remaining reactants.30 For a 100 nm
bilayer, we expect that the second exotherm should be substantially larger than the first exotherm,
so this model is a good fit for the data we have obtained. The shape of the third peak in Fig. 2(c) is
also consistent with this explanation as it displays the gradual rise and rapid fall-off characteristic of
diffusion-limited growth.31
Going forward, one line of investigation will be to extend the present work on the 1:1 Al:Ni
composition to higher heating rates where more significant changes in phase formation sequence may
occur. However, since characteristic reaction temperatures increase as the heating rate increases,32
there may be a limit on the maximum heating rate that can be studied while still forming the final
AlNi phase. In light of this, a second line of investigation will be to study films with the Al-rich
compositions of 3:1 and 3:2 Al:Ni (corresponding to the Al3Ni and Al3Ni2 intermetallic phases). By
excluding the formation of the highest temperature phase, AlNi, these samples will allow us to study
the formation of the Al3Ni and Al3Ni2 intermetallics at heating rates up to the maximum rates possible
using nanocalorimetry.
More generally, the in situ nanocalorimetry system demonstrated here can be applied to study
rapid phase transformations and microstructural changes in a number of fields, for example, in the
study of bulk metallic glasses. Traditional calorimeters operate at heating and cooling rates that are
too low to induce amorphization in these materials but nanocalorimetry has been shown to be capable
of achieving these rates and measuring the enthalpy of the transformation directly.33,34 This in situ
nanocalorimetry system would extend that capability by offering the time resolution required to actu-
ally observe the amorphization process as it occurs. For studies requiring even more extreme heating
and cooling rates, the in situ nanocalorimeter could be operated as a dedicated calorimetric sensor in
combination with a laser for localized heating. This would extend the potential applications to include
simultaneous structural and calorimetric measurements of amorphous melting in Si and Ge35,36 and
of the amorphization and crystallization processes in phase change materials.37
In conclusion, we have demonstrated that one can study rapid phase transformations in 1:1 Al:Ni
bilayers using a new system combining in situ nanocalorimetry and DTEM. The intermediate phases
in the reaction were identified using in situ electron diffraction for samples heated at an average
heating rate of 830 K/s. Nanocalorimeter data indicate that at this heating rate, the formation reac-
tion occurs in a sequence of three exotherms producing approximately 95% of the theoretical heat
of formation for this stoichiometry. Meanwhile, in situ time-resolved electron diffraction confirms
that the phase transformation sequence is similar to that observed at much slower heating rates in a
DSC, Al + Ni → Al3Ni + Ni → Al3Ni2 + Ni → AlNi. The 5% discrepancy in total heat of formation
likely appears because the final reaction step did not go to completion, an explanation supported by
the persistence of Al3Ni2 diffraction peaks in the electron diffraction patterns of as-reacted samples.
Future work on the Al/Ni system will aim to analyze the phase transformation sequence for 1:1 Al:Ni
bilayers at higher heating rates and to study bilayers with 3:1 and 3:2 Al:Ni compositions in order
to gain a better understanding of the processes by which the Al3Ni and Al3Ni2 intermetallic phases
form.
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